Tylosis is an inherited disorder characterized by abnormal palmoplantar skin thickening and a highly elevated risk of esophageal squamous cell carcinoma (ESCC). Analyses of tylosis in families have localized the responsible gene locus to a region of chromosome 17q25.1. Frequent loss of heterozygosity (LOH) in 17q25.1 was also observed in the sporadic form of ESCC. A putative tumor suppressor gene for ESCC may exist at this locus. We investigated the expression patterns of genes on 17q25.1 in tumor and corresponding normal tissues from patients with sporadic ESCC using RNA sequence analysis. For candidate genes, quantitative real-time reverse transcription-PCR (qRT-PCR), direct sequence, LOH and methylation analyses were performed using 93 clinical ESCC samples and 10 cell lines. A significant downregulation of ST6GALNAC1 was demonstrated in ESCC tissues compared to its expression in normal tissues by qRT-PCR (n=93, p<0.0001). Frequent LOH (17/27, 62.9%) and hyper-methylation in ST6GALNAC1 were also observed in all cell lines. Our results indicated that ST6GALNAC1 was downregulated in sporadic ESCC via hyper-methylation and LOH, and it may be a candidate responsible gene for ESCC. Furthermore, recent studies suggest that multiple genes on chromosome 17q25 are involved in ESCC development.
Introduction
Tylosis is an extremely rare autosomal, dominantly inherited disorder characterized by abnormal thickening of the palmoplantar skin and a highly elevated risk of esophageal squamous cell carcinoma (ESCC). Five families with high frequencies of tylosis have been reported from the UK, USA, Germany, Spain and Finland (1) (2) (3) (4) (5) (6) (7) . Linkage and haplotype analyses in these families have localized the tylosis esophageal cancer (TOC) gene locus to a region of chromosome 17q25 (3) (4) (5) 8, 9) . It has also been reported that frequent loss of heterozygosity (LOH) in 17q25.1 was observed in the sporadic form of ESCC (10, 11) . These reports on inherited and sporadic ESCC indicated the presence of a putative tumor suppressor gene for ESCC at this locus. Although abnormalities of genes on 17q25.1, such as CYGB and RHBDF2, have been demonstrated in families with tylosis, abnormalities of these genes have not been clearly demonstrated in sporadic forms of ESCC (12, 13) . Therefore, additional genes on 17q25.1 other than CYGB and RHBDF2 may also be involved in ESCC development.
Additionally, we recently reported the result of whole-exome sequencing of paired DNA samples from 144 Japanese patients with ESCC (14) . The most frequently mutated gene was TP53 (mutated in 93.1% of patients), followed by NOTCH1, MLL2, NFE2L2, ZNF750, FAT1 and PIK3CA (mutated in 10-20% of patients), in line with the results of next-generation sequencing analysis in other studies of sporadic ESCC (14) (15) (16) (17) . Although 17,189 non-synonymous mutations in 10,552 genes were identified in 144 ESCC samples in our previous study, recurrent mutations were not observed in genes on chromosome 17q25.1, including RHBDF2 (14) . Other studies did not uncover RHBDF2 mutations either in sporadic ESCC (16, 17) .
In this study, we investigated the expression patterns of genes in an ~1500 kb region on 17q25.1, including the TOC locus, in tumor and corresponding normal tissues using RNA sequence (RNA-seq) analysis data from patients with sporadic ESCC. We demonstrated frequent downregulation of ST6 N-acetylgalactosaminide α-2,6-sialyltransferase 1 (ST6GALNAC1) on 17q25.1 in ESCC tissues compared to its expression in corresponding normal tissues. Table I .
Patients and methods

Patients
Direct sequencing analysis of ST6GALNAC1. In 46 cases of ESCC, coding exons of ST6GALNAC1 were amplified using KOD FX (Toyobo, Tokyo, Japan) according to the manufacturer's protocol and sequenced using bigDye Terminator version 3.1 (Applied biosystems, Foster City, CA, USA) as previously described (19) . Primer sequences are listed in Table II and Fig. 1 .
Microsatellite LOH analysis of the ST6GALNAC1 locus.
In samples from 34 patients with ESCC, PCR was performed for three dinucleotide repeat microsatellite markers (D17S2238, D17S2243 and D17S2245) within the ST6GALNAC1 locus using fluorescent primer pairs (Applied Biosystems). LOH was analyzed using an AbI PRISm 3100 Genetic Analyzer and GeneScan Analysis and Genotyper software version 3.7.1 (Applied biosystems).
Cell lines and cell culture. Ten human ESCC cell lines (KY150, KY270, KYSE410, KYSE450, KYSE510, TE1, TE6, TE8, TE9 and TE10) were purchased from the Japanese Collection of Research bioresources Cell bank and the Riken bioresource Center. Cells were maintained in RPmI-1640 containing 10% fetal bovine serum and cultured in a humidified 5% CO 2 incubator at 37˚C.
Methylation levels and response to 5-aza-2'-deoxycytidine (5-Aza-dC) treatment in ESCC cell lines. ESCC cells were
seeded at a density of 1x10 6 cells/10 cm dish and cultured for 24 h with an inhibitor of DNA methyltransferase, 5-Aza-dC (Sigma-Aldrich, St. Louis, MO, USA), at a final concentration of 2 µm. Control cells were treated with the diluent Table I . Primer sequences and amplified regions of ST6GALNAC1 gene in direct sequencing analysis.
Gene name
Forward primer Reverse primer Probe no. Statistical analysis. Data from RNA-seq analyses, qRT-PCR and methylation assays were analyzed using JmP 12 software (SAS Institute, Inc., Cary, NC, USA) and GraphPad Prism 6 (GraphPad Software Inc., La Jolla, CA, USA). Differences between the gene expression levels of samples were estimated using the Wilcoxon rank test or paired t-test. All differences were considered statistically significant at the level of p<0.05.
Results
Differential gene expression profiling on chromosome 17q25.1 in ESCC samples by RNA-seq analysis.
In our RNA-seq analysis from three patients with ESCC with differences in tumor stage, histological differentiation and tumor location, 17,673 genes were detected with an RPKm value of at least 2.0 in either normal or tumor tissues. The first 10 genes showed significant increase or decrease in their expression in tumor tissues compared with their expression in normal tissues and are listed in Table III . Among the expression data obtained by RNA-seq analysis, we focused on the expression profile of genes in a 1500 kb region on 17q25.1 including the TOC locus, which has been mapped to the 500 kb region in UK, USA and German pedigrees (8) and narrowed to a 42.5 kb region in the UK pedigree (9). The differences in expression levels between normal and tumor samples for 39 genes in the region are shown in Fig. 2 . Among these genes, the expression levels of EVPL and ST6GALNAC1 in tumor tissues were significantly decreased to less than one-third of the levels in normal tissues (Fig. 2) .
Downregulation of ST6GALNAC1 and EVPL in ESCC tissues.
We validated the expression levels of these two genes using qRT-PCR in samples from 93 patients with ESCC. both EVPL and ST6GALNAC1 displayed significant downregulation in tumor samples compared to their corresponding normal tissue levels (p<0.0001) (Fig. 3) . Although downregulation of CYGB has been demonstrated in esophageal tissues in tylotic patients Nucleotide variants in ST6GALNAC1. Direct sequence analyses of samples from 46 patients with ESCC revealed several nucleotide variants in ST6GALNAC1. Two missense variants [c.400 C>T (p.Pro67Leu) and c.724 C>T (p.Thr175met)] were observed in two patients. In four patients, 3 bp in-frame deletions [c.752_754delTGG (p.His184del)] were observed. These variants were detected in both tumor and corresponding normal tissues, and they have been registered in dbSNP as rs143927446, rs138569950 and rs565363235. A one-base G insertion in intron 3 registered as rs146144287 in dbSNP was also detected in both tumor and normal tissues from six patients with ESCC. Only one patient (1/46, 2.1%) displayed a tumor-specific mutation in exon 2 of ST6GANAC1, although this mutation was silent [c.509 G>A (p.Glu103Glu)] (Fig. 1) . Therefore, no tumor-specific non-synonymous mutations were observed in the coding region of ST6GALNAC1.
Frequent LOH was observed in the ST6GALNAC1 locus in ESCC samples. Three microsatellite markers, D17S2238, D17S2243 and D17S2245, were located in the introns of ST6GALNAC1 (Fig. 4A) . PCR microsatellite analysis of the ST6GALNAC1 locus in 34 patients using these three markers demonstrated LOH in 17/27 (62.9%) informative cases at one or more sites and a replication error in 1/27 (3.7%) cases at D17S2243 (Fig. 4b and C) .
ST6GALNAC1 downregulation by methylation in ESCC cell lines. Treatment with 5-Aza-dC significantly elevated
ST6GALNAC1 expression compared to the control level in all 10 ESCC cell lines assessed (Fig. 5) .
Discussion
because the region in chromosome 17q25.1 was affected in both hereditary and sporadic forms of ESCC, it is believed that a gene responsible for the oncogenesis or development of ESCC existed in this region. Several genes in the TOC locus have been studied in inherited and sporadic forms of ESCC. In our present study, ST6GALNAC1 expression was significantly decreased in ESCC tumor tissue compared with that in the corresponding normal tissue, and the gene was located in the vicinity of the minimal region of the TOC locus (Figs. 2 and 3) . It was reported that ST6GALNAC1 was associated with biosynthesis of the sialyl-Tn (sTn) antigen in cancer cells and that it was overexpressed in gastric, breast and prostate cancer cell lines, inducing sTn expression (20) . In contrast to these findings, our results suggest that ST6GALNAC1 may have a tumor-suppressor function in ESCC. In terms of the downregulation mechanisms of ST6GALNAC1 expression, frequent LOH (62.9%) of the gene locus was demonstrated in ESCC, although no tumor-specific mutation was observed in the coding region (Figs. 1 and 4) . Furthermore, demethylation using 5-Aza-dC recovered ST6GALNAC1 expression in all 10 ESCC cell lines examined (Fig. 5 ). There are no CpG islands in the promoter region of ST6GALNAC1. However, it has been reported that ST6GALNAC1 was downregulated by hypermethylation of GC 2 bp upstream of the transcription start site in estrogen receptor-and progesterone receptor-positive breast cancers (21) . These results suggest that ST6GALNAC1 was inactivated by LOH and hyper-methylation of the transcription start site. Several candidate genes for sporadic and inherited ESCC have been demonstrated. EVPL is a member of the desmosomal plaque protein family that attaches to desmosomal cadherin and keratin filaments. We previously reported infrequent mutations and frequent LOH of this gene in sporadic ESCC (22) . In this study, we demonstrated that EVPL expression was significantly decreased in ESCC tissues (Fig. 3) . Downregulation of EVPL may be involved in ESCC development, although the gene is located 250 kb to the telomeric side of the minimal region of the TOC locus (Fig. 2) . It has been demonstrated that CYGB was a tumor suppressor gene inactivated by DNA hyper-methylation of its promoter in several types of cancer, including ESCC (12, 23) . However, downregulation of CYGB was not observed in our series of tumor tissues from Japanese patients with ESCC compared to its levels in the corresponding normal tissues (data not shown). CYGB methylation has also been demonstrated in multiple malignancies other than ESCC, such as leukaemia as well as breast, bladder, lung and colon cancers (23) . These findings indicated that alterations of CYGB were limited to a subset of ESCCs and that the tumor-suppressor role of CYGB may not be specific in esophageal tissues but instead may be common among many types of malignancies.
Recently, missense mutations of RHBDF2 in the minimal region of the TOC locus were identified in patients with tylosis from US/UK, German and Finnish families (7, 13) . It may be clear that RHBDF2 is a responsible gene for tylosis. blaydon et al demonstrated that the altered RHBDF2 represents a gain-of-function allele that results in sustained EGFR signaling within the cells, and the signaling leads to a hyperproliferative phenotype. Furthermore, it was suggested that RHBDF2 may also be dysregulated in a similar manner in sporadic ESCC according to immunohistochemical data (13) . In our previous study, however, RHBDF2 mutation was not observed by whole-exome sequence analysis using next-generation sequencing in 144 patients with sporadic ESCC (14) . This sequencing analysis also demonstrated that recurrent mutations were observed only in ZNF750, with the mutation (15) . Furthermore, we found that the mutational APObEC signature was predominantly observed in the ESCC genome, and ZNF750 mutations were positively associated with the APObEC signature (14) . ZNF750 was located on 17q25.3 telomeric to the TOC locus, and its mutations were null mutations accompanied by LOH (14) . Therefore, ZNF750 may be a strong candidate tumor suppressor gene for ESCC. It remains unclear as to which gene dysregulation of in the chromosomal region is essential for the development of hereditary and sporadic forms of ESCC. mutations in one allele of RHBDF2 gene induced sustained EGFR signaling in the cells and led to a hyperproliferative phenotype during wound repair in patients with tylosis (13) . Although RHBDF2 mutation was not observed in sporadic ESCC, the EGFR signaling were frequently dysregulated in sporadic ESCC cells (14) (15) (16) (17) . Therefore, an abnormality in the RHbDF2-EGFR pathway may lead to precancerous lesions in the esophagus. In addition to the oncogenic change in RHbDF2-EGFR, further inactivation of several tumor suppressor genes on 17q25, such as EVPL, CYGB and ZNF750, by a two-hit mechanism may induce ESCC.
In conclusion, ST6GALNAC1 was downregulated in sporadic ESCC by hyper-methylation and LOH, and it may be a candidate responsible gene for ESCC. Furthermore, our results on sporadic ESCC and recent studies on tylotic families suggest that multiple genes on chromosome 17q25 are involved in ESCC development (Table IV) .
